Abstract: The 3-aza-Cope rearrangements of 3-azoniahexa-l,S-diene (1), 3-azonia hex-l-ene-5-yne (3), and 3-azahex-l-ene-5-yne (5) were investigated up to the coupled-cluster level, CCSD(T), by using a valence triple-s basis set. Activation barriers and geometrical parameters of the transition states are provided. Conforma tional studies were performed for all reactants and products of the reactions. Solvent effects were estimated from self-consistent reaction field calculations. In contrast to the other two species, the Cope rearrangement of 5 was found to proceed by a stepwise mechanism.
Introduction
Cope-type rearrangements constitute a highly efficient means for carbon -carbon bond formation. They offer high regio and stereocontrol, which renders these processes especially valuable in natural product synthesis. 111is is especially true for the Claisen-(X = 0) and the 3-aza-Cope (X = NR, see The 3-aza-Cope rearrangement has some additional bene fits over its oxo counterpart, most notably the higher degree of EIZ stereocontrol for the formation of the enamine as compared to vinyl ethers and the possibility to generate additional stereocenters by utilizing optically active allyl amines, which are available from the chiral pool. Never theless, the 3-aza-Cope rearrangement has one severe draw back, namely the elevated temperatures of typically 170-250°C required to induce the thermal rearrangementP-4I111is has initially crippled the synthetical utility of this otherwise highly attractive reaction. Another issue, namely the conven ient synthesis of a wide variety of the respective functional ized amines has now successfully been tackled.ts.6] For vinyl propargylamine derivatives even higher activation energies of at least 260 QC are required.l7.8J Here, the rearrangement furnishes allenic imines, or, after hydrolysis, the respective aldehydes. Besides being rather inconvenient for the exper imentalist, the rather harsh conditions in many cases are incompatible with the presence of certain functional groups in the allyl-or propargylenamine precursor. This has led to considerable efforts directed at reducing the activation barriers . One practical method is to increase the electron density on the nitrogen atom through incorporation of more electron-rich ene functions)9-11 ] Deprotonation to allylamide enolatesP 2 ) or zwitterionic substrates[131 also provides signifi cantly decreased rearrangement temperatures. The most common approach, however, relies on rendering the nitrogen atom electron-poor. To these ends different strategies have been successfully applied!J4-1 6): 1) Bn;nsted acid cataly sis[5. 6, 17, 18J 2) Lewis acid catalysis [6.18-201 3) quaternization to nitrogen atom smoothly rearrange under ambient conditions to the corresponding iminium salts, which in this case are 3-butenyl-substituted aminoallenylidene complexesP31
In spite of the wealth of practical applications only few experimental data concerning the thermodynamic activation parameters of these transformations are known. For the aromatic (C1aisen-type) uncatalyzed process t::. . G* values of some 40 .6 to 48.5 kcal mol-1 have been determined, while t::. . H* ranges from 34 to 40 kcalmol\ depending on the degree of methyl substitution on the allyl moietyJl71 G+) under acidic conditions. For the neutral aliphatic systems investigated here and for those of Walters,I 341 theoretical calculations give considerably lower numbers that agree well with experimental evidence (vide infra). For the aliphatic processes experimentally derived activation energies have seemingly not been reported to date. In agreement with observations on other Cope-type rearrangements, solvent effects on the energy barriers appear to be rather small and this is even more true for the neutral processes.{l7j
Since quantum-chemical calculations at low theoretical levels were not solely conclusive, there has been a long debate about the nature of the lowest pathway of the Cope rearrangementP4-4 9 ] The central question being discussed is whether the reaction proceeds via a concerted aromatic transition state or involves a biradical intermediate. Mean while, it has commonly been accepted that, irrespective of the constituent at the 3-position (CHz, NH, 0), the lowest energy pathway is concerted and proceeds via a chair-like aromatic structureP8. 421 Of course, the question concerning the elec tronic nature also pertains to the stepwise mechanism. There are very few examples only where a stepwise mechanism has bcen observed,f43 . 471 and the reactive intennediates involved in these mechanisms may be biradical in nature or not. Based on the evidence provided by the computational studies cited above we initially started our investigation by searching for concerted transition states at the restricted DFT level. However, for the last system investigated here, a stepwise mechanism was found to be most relevant and consequently particular effort was made to analyze the electronic nature of the molecular structures involved.
Quite recently, Waiters reported a computational study of three 3-aza-Cope rearrangements, namely of 3-azahexa-l,S diene, 3-azoniahexa-l,5-diene, and 3-azahexa-l,2,5-trieneY4J At the MP4(SDTQ)/6-31G*IIMP2/6-31G* level he obtained activation energies of t::. . £i' 34_6, 21.4, and 17_7 kcal mol�l, respectively. These barriers apply to the chair-like transition states and the corresponding reactants. Unfortunately, the conformational flexibility of the hexadiene and hexatriene derivatives was not taken into account. In order to judge the importance of conformational aspects we used the rearrange ment of 3-azoniahexa-l,5-diene (1) as a benchmark system and reinvestigated it using a slightly different methodology than Waiters (see below). This reaction and the aza-Cope rcarrangements of 3-azoniahex-l-ene-S-yne (3) and 3-azahex-l-ene-5-yne (5) were studied up to the CCSD(T)/cc pVTZ(f,p) level. To the best of our knowledge n.o computa tional or experimental results pertaining to the activation energies of these processes have been reported to date.
While most studies concerning the nature of the transition state do not pay respect to the conformational flexibility of the reactants and products, this particular aspect has been tackled in the context of improving molecular mechanics approaches.l50. 51] TIlese studies mainly focus on simple hydro carbons rather than nitrogen-substituted compounds. Per forming a conformational analysis for 1,5-hexadiene, Gung et al.l501 found that the lowest energy conformer does not exhibit Cj or C2h symmetry as has been assumed by most authors studying transition states.l 3 s.421 In case of 1,5-hexa diene this effect may contribute up to only 5 % of the activation energy, whereas it may amount by up to 25 % for the aza compounds investigated here. Therefore, a conforma tional study of the reactants and products is an essential prerequisite for a proper determination of the activation barriers and reaction energies of aza-Cope rearrangements.
Computatioual methods
Potential-energy surfaces were scanned at the B3-LYPfcc-pVDZ['" 531 leveL All stationary points were verified by frequency calculations and a subsequent tracing of the intrinsic reaction coordinate (IRC). Single-point calculations at the B3-LYPfcc-pVTZ and LMP2/cc-pVTZ levels were used for the conformational studies of the reactants and products of each reaction. Local MP2 (LMP2)1 '''-S61 was used instead of its canonical counterpart. since it is computation ally significantly more efficient. We used a threshold for the automatic virtual space selection of 0.985, which is slightly larger than the recommended value of Boughton and Pulay .lS11
These authors used basis sets of double-� quality only and consequently a slightly higher value is more appropriate for the cc-pVTZ basis lL�ed here, 11)e energy differences between the transition states aud the confonners of the reactants and products lowest in energy were computed at the CCSD(T )/cc-pVTZ(f,p) level. In order to limit the computational effort d functions on hydrogen atoms had to be removed for these calculations.
Rotational barriers between the conformers were not determined. since they afC without relevance for the estimation of the reaction barrier. Zero point vibrational energy (ZPE) and thermal corrections to the coupJed cluster activation barrier were transferred from the corresponding DFT calculations. ZPEs were scaled by 0.963 in order to account for basis set deficiencies, anharmonicity, and missing-electron correlation contribu tionsY"1 Additionally, multi reference CASPT2 calculations based on internally contracted configurations l'.1 were used for the inVestigation of the stepwise reaction mechanism of 3-azahex-l-ene-5-yne. On the basis of the occupation numbers of the natural orbitals, an activc space comprising ten electrons in tcn orbitals were used for determining the wavefunction at the underlying CASSCF level, that is, CASSCF(1O,10). For the subsequent CASPT2/cc-p VTZ(f.p) calculations the same active space was chosen. Solvent effects were estimated by a self-consistent reaction field approach (SeRF) with Tomasi's polarizablc continuum modeLlw,61 1 To simulate an aqueous solution (as a prototype for a polar solvent) the dielectric constant was set to 78.4. Solvent effects were computed from single-point calculations only and. hence. geometry effects due to the chemical environment were not taken into account. Moreover, conformers that are isocnergctic in the gas phase may show slightly different free energies of solvation. This results from the construction of the cavity and must be considered an inherent numerical problem of the method. Since the effects are comparably small. we computed the solvation free energies for one of the enantiomers only. All calculations were perfonned using the Mol pro 2000.41641 and Gaussian 98t63} suites of ab initio and DFT programs on standard dual-processor personal computers and an 8proc. SUN Enter prise 3500 with 4 GB memory.
Results and Discussion
The molecular rearrangement of 3-azoniahexa-l,S-diene: The rearrangement of3-azoniahexa-1,5-diene (1) to l-azoniahexa-1,5-diene (2) is schematically shown in Scheme 2. In principle 33 = 27 conformers can be generated for 1 and for the resulting Table 1 and the corresponding conformers of 2 are given in Table 2 .
The relative B3-LYP-LMP2 energy differences for 1 amount only up to 0.8 kcalmoI-I, and, thus, the results of these methods closely resemble each other. In the gas phase, conformers la and Ib appear to be the most stable ones.
Conformationally they differ by just a rotation of y. Since the corresponding rotational barriers are usually in the range of 3 demonstrate that solvation effects are of the same magnitude as the conformational energy differences, and, eonsequently, the conformational distribution strongly depends on the solvent. According to the I1G298 values, entropy effects due to the different conformations must be considered small.
Considering I111G 298 values for l-azoniahexa-l,5-diene (2), the energies of the individual conformers scatter over a range of 3.1 kcal mol�!, which is even less than for 1. Structure 2a
clearly dominates the product distribution in the gas phase.
Since this structure will be reached first after passing the chair-like transition state, it is the most important conformer on the product side. We were not able to locate a structure corresponding to 1 C, since all attempts led to conformer 2a.
Solvation free energies scatter over a much broader range than the relative total energies and, thus, determine the preferred conformer in solution. According to the SCRFIB3-LYP calculations the most stable conformer is 21. This result is supported by the large (gas phase) dipole moment of this conformer. In general, dipole moments for 2 are significantly larger than for 1. TIle reaction energy (i.e. I1Eo without ZPE and thermal corrections) at the B3-LYP/cc-pVTZ level is -14.7 kcalmol-! and -14.2 kcalmol� l at the LMP2Icc-pVTZ leveL These values differ considerably from the result Walters ! 34 1 obtained at the MP2/6-311 G* level (I1Eo
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Together with the structures of the most stable reactant and product conformers in the gas phase, the structures of the chair-like and boat-like transition states are provided in Figure 2 . Since both these structures are chiral they again exist as isoenergetic enantiomers; only one of them is shown. For the last two structures the interatomic distances of the forming and breaking bonds are considerably longer than found by Walters [34] at the MP2 level. For the chair-like structures he obtained values of 2.289 and 1.994 A, respec tively, while the B3-LYP functional used in this study provides distances of 2.577 and 2.201 A. In a recent study of an intramolecular rearrangement of 4-nitro-benzofuroxan,[64 1 we found that transition-state bond lengths are very similar between MP4(SDQ) and B3-LYP structures, while MP2 leads to shorter distances. However, there is still a slight tendency of the hybrid exchange-correlation functional to systematically overestimate bond lengthsP8j In complete agreement with Waiters study, we find a significantly longer value for the forming C-C bond than the breaking C-N bond. Moreover, the interatomic distances for these coordinates are longer for the boat-like transition state than for the chair-like one, which is particularly true for the forming C-C bond which is computed as 2.701 A at the B3-LYP/cc-pVDZ level.
The best estimate of the free activation energy (obtained from CCSD(T)/cc-pVTZ(f,p) calculations corrected by scaled B3-LYF/cc-pVDZ ZPEs and corresponding thermodynamic contributions) is 21.9 kcalmol-I (d . Table 3 ) and is in excellent agreement with WaIters results. The B3-LYP barrier is significantly lower, indicating that electron correlation effects are not sufficiently accounted for at this level. As already pointed out by Radom et aI.l651 and Bell et al.,{66] this effect is frequently encountered. Comparing Waiters activa tion energies at the MP2/6-31l G* level with the LMP2/cc pVTZ values of this study one obtains a difference of 1.4 kcalmol-1• The higher value of the LMP2 calculations must be addressed to the choice of the reference structure and [cl Free energy of solvation. to be added to the total free energy of the molecule.
to the different geometrical parameters of the transition state.
Of particular interest is the solvation effect on the transition states. As has been noted before, dipole moments are slightly smaller for these structures than for most conformers of the reactant owing to the increased dissipation of the overall positive charge. As a consequence the solvation free energy is also significantly lower, and this shifts the activation barrier of this reaction by up to 5.6 kcal mol-1 to higher values in a polar solvent.
The molecular rearrangement of 3.azoniahex-l-ene·S·yne:
The rearrangement of 3-azoniahex-l-ene-5-yne (3) to l-azo niahexa-l,4,5-triene (4) is shown formally in Scheme 3. Again, conformers which do not show C, symmetry are pairwise identical in energy. Moreover, this potential-energy surface allows for two enantiomeric transition states corresponding to aza-Cope rearrangements, one of them being depicted in of this rearrangement is 3e, but the first local minimum on the product side is described by 4a, which is the most stable conformer in the gas phase. [a] All data refer to the cc-pVTZ basis sel. All energies refer to 3a and are given in kcal mol-I.
TS 2a
[b] The dihedrals a, p, and y specify the conformation of the structure.
[cl Total B3-LYP/cc-pVTZ energy of 3a:
249.8401803 a.u. important conformers of the reactant and product of this reaction are summarized in Table 5 . With respect to the reaction mechanism, the molecular rearrangement of 3-aza hex-l-ene-S-yne is the most interesting case in our study. Two different reaction paths were found. As a result of the triple bond moiety in the reactant, it is difficult to assign these two reaction paths as proceeding via chair-like or boat-like transition states, as in the case of 1,5-hexadiene and related compounds. However, according to our DFT and CCSD(T)
calculations the energetically preferred pathway is described by a stepwise mechanism forming a boat-like transition state However, due to the extremely low barrier between INT and TS b it will never be possible to trap this intennediate experimentally. Nevertheless, our findings indicate a change of the meehanism upon the protonation of 3-azahex-l-ene-5-yne and provide one of the very few intennediates that characterize a stepwise Cope rearrangement. Considering its structure as given in Table 6 and Figure 5 , this intennediate is truly remarkable. The C3-C6 bond is predicted to be about Figure 4) . However, the barrier of this concerted mechanism is consideraby higher than for the stepwise mechanism and must thus be considered less important for this reaction. Relative energies for this reaction are provided in Table 5 and the structures of the most stable conformers of the reactant and the product are shown in Figure 6 . Since all structures involved in this particular reaction are uncharged, the solvation free energies are about one order of magnitude lower than fOT the other two rearrangements. The best Sa 6a Figure 6 . Lowest energy conformers of 5 and 6 in the gas phase.
estimate for I'3.G* is 29.5 kcahnol-l and -] 2.3 kcal mol-l for the reaction free energy (I'3.Go). According to these values protonation of 4 lowers the activation energy by just 5.2 kcal mol-l, which is about one third of the value discussed in the Iiterature [17] for N-allylanilines. High electron correla tion effects appear to have little effect on this reaction, and, consequently, the DFT barrier is rather close to the CCSD(T) value. Interestingly, solvation effects appear to lower the reaction barrier rather than increasing it as observed for the first two rearrangements. According to the SCRF calculation the barrier is about 5 kcal mol-1 lower in energy in aqueous solution. Moreover, considering the moderate decrease of the activation energy upon protonation, the activation energy in aqueous solution may unexpectedly even be lower for the unprotonated form. According to the Hammond postulate the higher activation energy corresponds to a smaller reaction energy when compared to the comparable reaction of the protonated species 3.
An almost constant difference of about 2.5 kcalmol-1 between the B3-LYP and LMP2 relative energies of 6 can be observed. However, differences of this magnitude are still within the range of the inherent errors of these methods and are not unexpected. The relative LMP2 energies of 6 were obtained as described for 4 in the previous section and give a different order for the conformers of 6 than derived from the DFT relative stabilities. While relative energies I'3.EDFT for 6 are rather similar, scattering only within 1.9 kcal mol-I, the corresponding range of the solvation free energies is consid erably larger and extends to about 4.5 kcal mol-I. Conse quently. in solution the preferred conformer is mainly determined by solvation effects rather than its relative stability in the gas phase.
Conclusion
Three aza-Cope rearrange ments were investigated by computational methods up to the CCSD(T)/cc-pVTZ(f,p) level. Since the activation bar rier is significantly lower for these reactions than for the corresponding hydrocarbons, conformational studies appear to be an essential prerequisite for a sound estimation of the barrier height The most relia ble values for the gas phase reaction of 3-azoniahexa-l,5-diene (1), 3-azoniahex-l-ene-S yne (3), and 3-azahex-l-ene-S-yne (5) are AG'" = 21.9, 24.3, and 29.5 kcaimoi-t, respectively. For the barriers correspond ing to the Cope rearrangements of the protonated species, B3-LYP calculations lead to an underestimation of the activation energies indicating that electron correlation effects are not sufficiently been accounted for at this level. The activation barrier of the protonated species 3 is only 5.2 kcalmol-1 lower than for 5. This value is significantly smaller than that observed for the systems investigated by Jolidon et aLP7] who report changes of 15-17kcal mol-1• However, the same authors report activation entropies of -13 to 19 eu for their species, while our values and those of Waiters!:;'!] are between -4.4 and -7 .
8caIK-1mol-t 5.4caIK-1mo]-I; AS· (3->4): -4.4caIK-Imol-l; AS'" (5-> 6) : -7.4 caIK-1mol-1 ) . Furthermore, solvation effects appear to have considerable impact on the activation barrier: depending on their dielectric constant polar solvents lead to an increase of the barriers by several kcal mol-1 for the protonated species, while lowering the activation barrier of the neutral compound. This result is in agreement with the studies of Hillier et aI.!7ul and others!71.72J on the solvent dependence of the Claisen rearrangement. The low activation energies of the protonated forms relative to their neutral counterparts arises mainly from the higher charge delocaliza tion in the transition state of the former. Therefore, solvation may alter the relative order of the activation barriers of the protonated and the neutral species. 
